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nation; however, it is the E2-conjugating enzyme itself that catalyzes the formation of an isopeptide bond between the C-terminal Gly of Ub and an acceptor residue (generally a Lys) on a substrate protein (3, 4) . Ub conjugation to Lys residues in a substrate-attached Ub leads to the formation of polymeric Ub chains. There are seven Lys residues on ubiquitin, and each of them can be used for chain formation, resulting in Ub chains of different topologies (5) . It has been shown that the different E2/E3 combination confers the specificity of chain formation and results in different outcomes for substrates (6) . For example, Lys-48 -linked Ub chains with a length of four or more Ubs serve as the predominant signal for proteasome-dependent substrate degradation, whereas Lys-63-linked Ub chains are generally thought to function in proteasome-independent processes such as DNA repair, signal transduction, and receptor endocytosis.
The E3 ubiquitin ligase March-I regulates the ubiquitination, expression, intracellular transport, and stability of MHC class II (MHC-II) and CD86 proteins in antigen-presenting cells (APCs) (7) (8) (9) (10) (11) . March-I is a member of the family of membrane-associated RING-CH (March) domain-containing E3 ubiquitin ligases, a family of proteins that were identified by their relation to viral immune evasion molecules (12, 13) . Unlike other members of the March family, March-I is almost exclusively expressed on hematopoietic APCs in lymphoid tissues (7, 12) . March-I is expressed in resting dendritic cells and B cells and ubiquitinates a single Lys residue on the MHC-II ␤-chain cytosolic domain (7) and a cluster of Lys residues on CD86 (10) . The expression of March-I is regulated transcriptionally and posttranslationally. When resting dendritic cells are activated by treatment with lipopolysaccharide, March-I mRNA expression is terminated (14) . By contrast, treatment of monocytes with interferon-␥ and the anti-inflammatory cytokine IL-10 actually stimulates March-I transcription and leads to down-regulation of MHC-II and CD86 (15, 16) . Pulse-chase studies have shown that March-I is a very unstable protein with an estimated half-life of 30 min (17) . Unidentified sequences present in the first 66 amino acids of the March-I N terminus regulate March-I stability (17) , as March-I variants with N-terminal truncations have significantly higher expression and reduced degradation rates compared with wildtype March-I.
Ubiquitination has been reported to contribute to March-I turnover. Bourgeois-Daigneault and Thibodeau (18) reported that March-I was ubiquitinated when overexpressed in HEK293 and HeLa cells; however, others have failed to detect significant March-I ubiquitination when the protein was overexpressed in various cell types (17) . An N-terminal deletion mutant of March-I that also contained mutations of every Lys residue in the C-terminal cytosolic domain of March-I was not ubiquitinated and was reported to have a prolonged half-life relative to wildtype March-I (18); however, this mutant contained a deletion of the first 30 amino acids of the March-I N terminus, and the precise Lys sites for ubiquitination were not identified. Thus, it is unclear whether the prolonged half-life of this mutant was due to deletion of the March-I N terminus or due to mutation of March-I ubiquitination site(s) in the March-I C terminus.
In this report, we confirm that March-I is ubiquitinated in HeLa cells and in mouse B cells. Contrary to our expectation, we found that March-I undergoes Lys-independent ubiquitination, as a Lys-less mutant of March-I remained fully functional and was still ubiquitinated. We found that knocking down expression of the E2 ubiquitin-conjugating enzyme Ube2D1 reduces March-I ubiquitination, enhances March-I expression, and enhances the ability of March-I to down-regulate its sub-strate MHC-II. Thus, our data show that Ube2D1 mediates Lysindependent ubiquitination of March-I and that ubiquitination regulates the expression of March-I.
Results and discussion

March-I is ubiquitinated and degraded in the endocytic pathway
The regulation of March-I protein expression is essential for immunity, as March-I regulates the expression of CD86 and MHC-II complexes on APCs that are critical for stimulation of naïve CD4 T cells. APCs express very small amounts of endogenous March-I protein (7, 14, 17) , and every commercial March-I antibody we have tested shows immunoreactivity even to cell lysates obtained from March-I-deficient mice. For this reason, we and others (14, 17, 18) have analyzed the regulation of epitope-tagged March-I protein expression in both HeLa cells and B cells ( Fig. 1A) . When expressed as a C-terminal V5 epitope-tagged fusion protein, we found that March-I is oligoubiquitinated in both HeLa cells and B cells, and the 46-kDa size After 4 h, the cells were washed and incubated in complete medium containing the indicated concentration of NH 4 Cl for an additional 16 h before harvesting. Cell lysates were prepared, and aliquots of each lysate were analyzed for expression of V5-March-I as well as the zsGreen1 reporter. Representative gels from more than three independent experiments are shown.
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of the smallest observed ubiquitinated species suggests that it consists of two ubiquitin moieties (16 kDa) attached to the 32-kDa March-I protein. We noted in our immunoprecipitates that March-I exists as a 32-kDa full-length form and also as a smaller, 17-kDa C-terminal fragment in both HeLa cells and B cells (Fig. 1B) . The size of this fragment suggests that it is generated in a region of March-I that is located in the lumen of endosomes. Perturbing endosomal proteinase activity with the lysosomotropic amine NH 4 Cl abrogates the appearance of this March-I fragment (Fig. 1C ), demonstrating that this fragment is a product of proteolytic degradation of March-I. March-I turnover has been shown previously to be suppressed by endo/lysosomal proteinase inhibitors (17) ; however, to our knowledge, this is the first observation of March-I ubiquitination and identification of a March-I degradation intermediate in a professional antigen-presenting cell.
March-I is not autoubiquitinated
The expression of many E3 ligases, including the March family member March-VII, is regulated by autoubiquitination (19 -21) . To find out whether the catalytic activity of March-I regulates March-I expression, we have generated a catalytically inactive form of V5-tagged March-I by replacing an essential Ile and Trp residue in the RING domain with Ala residues. This March-I I65A/W97A mutant does not possess any ubiquitin ligase activity and is unable to down-regulate expression of the March-I substrate MHC-II ( Fig. 2A) . The March-I expression vector used in these studies contains an internal ribosome entry site allowing expression of the zsGreen1 reporter protein, and, therefore, FACS gating on cells possessing identical levels of zsGreen1 (as a transfection control) allows us to accurately monitor the expression of March-I in transfected cells. The catalytically inactive March-I mutant and wildtype March-I were both expressed at essentially identical levels in HeLa cells ( Fig. 2A ), demonstrating that March-I E3 ligase activity does not regulate March-I expression. Furthermore, although overexpression of FLAG-tagged wildtype March-I dramatically down-regulated the expression of MHC-II, it had no effect on the expression of the V5 epitope-tagged catalytically inactive form of March-I ( Fig. 2B ). Most importantly, both wildtype and catalytically inactive March-I were ubiquitinated identically in HeLa cells (Fig. 2C ), demonstrating that March-I E3 ligase activity is not required for March-I ubiquitination and that another E3 ubiquitin ligase, and not March-I itself, is responsible for March-I ubiquitination.
March-I is the target of non-canonical oligo-ubiquitination
To unambiguously demonstrate that ubiquitination regulates the expression of March-I, one must block March-I ubiquitination by either mutating/eliminating March-I ubiquitination sites or silencing the enzyme(s) responsible for March-I ubiquitination. It has been reported that the extreme N terminus and/or the C-terminal cytosolic domain of March-I harbor ubiquitination site(s) (18) . In an attempt to examine March-I ubiquitination in greater detail, we analyzed the ubiquitination of V5 epitope-tagged forms of wildtype March-I, March-I lacking only the N-terminal 30 amino acids (March-I ⌬30), and March-I ⌬30 containing C-terminal Lys mutations (March-I ⌬30/K0) reported previously (18) . We clearly see the effect of the deletion of the N-terminal 30 amino acids on the mobility of March-I; however, wildtype March-I, March-I ⌬30, and March-I ⌬30/K0 show nearly identical ubiquitination patterns ( Fig. 3A) . We therefore generated a March-I mutant in which all 19 Lys residues in March-I were mutated to either Ala or Arg residues (the relative location of each Lys is shown in Fig. 1A ). This Lys-less March-I mutant was functional in its ability to down-regulate expression of MHC-II ( Fig. 3B) ; however, simultaneous mutation of every Lys in March-I did not affect March-I expression and has little effect on the pattern of March-I ubiquitination (Fig. 3C ). Curiously, we routinely observed variations in the intensity of the 47-kDa ubiquitination species of March-I in different experiments. These variations were not due to differences in the relative amount of the 17-kDa March-I degradation intermediate because blocking the appearance of this fragment by ammonium chloride treatment had little effect on the March-I ubiquitination pattern. 3 It is possible that these variations reflect differences in the activity of deubiquitinating enzyme activity during cell lysis/immunoprecipitation; however, additional studies will be needed to address this issue.
The V5 epitope tag used in this study contains a single Lys residue, so to rule out the possibility that the Lys in the V5 epitope tag was itself ubiquitinated, this residue was mutated to Arg, and both the wildtype and the Lys-less March-I mutant were expressed with the V5-LysϾArg epitope tag. Robust ubiquitination of the Lys-less March-I mutant was observed using the V5-LysϾArg epitope tag (Fig. 3D ). The hemagglutinin epitope tag does not contain any Lys residues, and as was observed with the V5-LysϾArg-tagged proteins, robust March-I ubiquitination was observed using hemagglutinin epitope-tagged wildtype or Lys-less March-I. 3 To confirm that the ubiquitinated protein identified in March-I immunoprecipitates was March-I (and not simply a ubiquitinated March-I-binding protein), immunoprecipitated V5 epitope-tagged March-I was denatured by boiling in SDS and then reimmunoprecipitated with anti-V5 mAb for immunoblot analysis (Fig. 3E ). The results of this experiment confirmed that the isolated ubiquitinated protein was indeed March-I and, taken together with the data presented above, demonstrate that March-I is ubiquitinated on a non-canonical (i.e. non-Lys) amino acid residue.
The E2 ubiquitin-conjugating enzyme Ube2D1 regulates March-I ubiquitination and expression
The E2 ubiquitin-conjugating enzyme Ube2D1 has been shown to facilitate the autoubiquitination of a March-I RING domain-glutathione S-transferase fusion protein (12) . Despite the fact that our data argue that March-I is not autoubiquitinated in vivo, we nevertheless asked whether Ube2D1 is an E2 ubiquitin-conjugating enzyme that functions, together with an unidentified E3 ubiquitin ligase, to ubiquitinate March-I. Treatment of HeLa cells with Ube2D1 shRNA dramatically increased March-I protein expression, as determined by quantitative immunoblot analysis (Fig. 4, A and B) . Ube2D1 shRNA 
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treatment resulted in a greater than 90% reduction in Ube2D1 protein and a 3-fold increase in March-I expression. The increase in March-I protein expression in Ube2D1 knockdown cells was correlated precisely with reduced ubiquitination of March-I (Fig. 4, C and D) . It is important to note that the 17-kDa C-terminal March-I degradation intermediate is still
observed in Ube2D1 knockdown cells, demonstrating that March-I ubiquitination is not required for March-I trafficking to endosomes. This finding is consistent with published data showing that Tyr-based sorting signals are required for March-I localization to the endosomes (17, 22) .
March-I is known to ubiquitinate and down-regulate the expression of MHC-II and CD86, two important mediators of CD4 T cell activation by APCs (7, 10, 12, 13) . We therefore set out to determine whether Ube2D1 knockdown affected March-I-dependent down-regulation of MHC-II. In agreement with the immunoblot analysis, FACS analysis of fixed/permeabilized cells demonstrated that Ube2D1 siRNA increased March-I protein expression in HeLa-CIITA cells (Fig. 5A ). Ube2D1 siRNA enhanced the ability of March-I-expressing cells to down-regulate MHC-II expression ( Fig. 5B) , confirming that enhanced expression of March-I in Ube2D1 knockdown cells was functionally significant. The enhanced down-regulation of MHC-II in Ube2D1 siRNA-treated cells was dependent on March-I activity, as the catalytically inactive March-I I65A/W97A mutant was still up-regulated in Ube2D1 siRNA-treated cells (Fig. 5C ), but MHC-II expression was unaltered ( Fig. 5D ). Taken together, these data demonstrate that Ube2D1 is the E2-conjugating enzyme responsible for regulating the ubiquitination and expression of March-I in living cells.
For reasons we do not understand, in our hands, a V5 epitope-tagged March-I mutant identical to the "ubiquitination-deficient" March-I mutant described previously (18) is ubiquitinated in a manner that is nearly identical to that of wildtype March-I. In fact, we found that simultaneous mutation of every Lys of March-I did not affect March-I expression, did not affect March-I E3 ligase activity, and did not alter the pattern of March-I ubiquitination. These data demonstrate that March-I is ubiquitinated on a non-Lys residue. Although Lys is the "canonical" Ub acceptor, there are examples in which Ub is attached to proteins at the extreme N-terminal amino group (23, 24) , to cysteine through a thioester linkage (25, 26) , or to serine, threonine, or tyrosine through a hydroxyester linkage (27, 28) . Given the sheer number of serine, threonine, and tyrosine residues in March-I, identifying the March-I ubiquitination site(s) is beyond the scope of this study.
Our identification of the E2 ubiquitin-conjugating enzyme Ube2D1 as a regulator of March-I ubiquitination and March-I stability confirms that ubiquitination of March-I regulates its expression. Previous studies showed that sequences present in first 30 amino acids of the March-I N terminus conferred stability to March-I (17) , and based on our Ube2D1 knockdown studies, it is possible that this region of the protein harbors non-canonical ubiquitination site(s) that affect March-I stability. Because we found that March-I expression is independent of March-I E3 ligase activity, our data argue that Ube2D1 is the E2 that functions together with an as yet unidentified E3 ligase to catalyze March-I ubiquitination. Our attempts to identify March-I ubiquitination sites by mass spectroscopy have, unfortunately, not been successful. Nevertheless, although we have not yet identified this E3 ligase, our data clearly show that ubiquitination regulates the expression of the March-I E3 ubiquitin ligase.
Experimental procedures
Cells and antibodies
HeLa cells (ATCC, CCL2, Manassas, VA) and HeLa cells expressing the class II transactivator CIITA (a gift from Peter Cresswell, Yale University Medical Center, New Haven, CT) were grown in 6-well plates or 10-cm dishes in Dulbecco's modified Eagle's medium (Gibco) containing 10% fetal bovine serum (Gibco) at 37°C in an incubator supplied with 5% CO 2 . A20 cells (ATCC, TIB-208) were grown in RPMI 1640 medium containing 10% fetal bovine serum. Biotinylated anti-ubiquitin antibody (P4D1) was from eBiosciences (Waltham, MA). Anti-V5 epitope tag antibody was from Invitrogen. Phosphatidylethanolamine-conjugated anti-FLAG epitope antibody was from Biolegend (San Diego, CA). Rabbit anti-Ube2D1 antibody was from Santa Cruz Biotechnology (Dallas, TX). Mouse anti-␤-actin antibody was from Sigma. Mouse anti-zsGreen1 antibody was from Origene (Rockville, MD).
Plasmids
Human March-I (variant 2) with a V5 epitope tag sequence was amplified using a plasmid encoding C-terminal V5-tagged March-I provided by Satoshi Ishido (Hyogo College of Medicine, Nishinomiya, Japan) as a template and the following primers: forward, 5Ј-CCGGAATTCGCCATGACCAGCAGC-CACGTTTG-3Ј; backward, 5Ј-CGCGGATCCTCACGTAGA-ATCGAGACCGAGG-3Ј. Then the PCR product was cloned into the EcoRI and BamHI sites in the pLVX-EF1␣-IRES-Zs-Green1 vector (Clontech). A mutant lacking the first 30 amino acids of March-I (March-I ⌬30) was generated using the primers 5Ј-CCG-GAATTCGGCATGTTATCTAACTTGTTTCT-CCAGG-3Ј (forward) and 5Ј-CGC-GGATCCTCACGTAGA-ATCGAGACCGAGG-3Ј (backward) and cloned into the pLVX-EF1␣-IRES-ZsGreen1 vector as above.
Site-directed mutagenesis was conducted using the QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. Lys res- 
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idues in the March-I C-terminal domain were mutated to either Ala or Arg to generate a "March-I K0" construct (K203R, K213A, K229A, K230A, K233A, and K244R) containing identical substitutions as described previously (18) . A March-I Lysless mutant was made by mutating all 19 Lys to Arg or Ala as  indicated: K15R, K16R, K18R, K30R, K99R, K110R, K118R,  K120R, K124R, K127R, K137R, K168R, K183R, K203R, K213A,  K229A , K230A, K233A, and K244R. Catalytically inactive March-I was made by mutating Ile-65 and Trp-97 to Ala. The Lys residue in the V5 epitope tag in the pLVX-EF1␣-IRES-Zs-Green1 expression vector was changed to Arg by site-directed mutagenesis. All mutations were verified by DNA sequence analysis. Purified plasmid DNA was transfected into HeLa or HeLa-CIITA cells using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions, and cells were generally analyzed 18 h after transfection. Plasmid DNA was transfected into A20 cells by electroporation as described previously (29) , and cells were analyzed 18 h after transfection.
shRNA and siRNA
shRNA vectors were used in all experiments requiring large amounts of cells, whereas siRNA was used in experiments requiring smaller numbers of cells. Control experiments showed that each system resulted in comparable knockdown efficiency. To construct shRNA vectors, 60-bp hairpin oligonucleotides were designed and subcloned into pSuper.basic vectors (Oligoengine, Seattle, WA) following the manufacturer's instructions. The Ube2D1 sequence targeted was 5Ј-GAGAA-TGGACTCAGAAATA-3Ј (30) . The nonsilencing control shRNA sequence was described previously, targeting 5Ј-AAT-TCTCCGAACGTGTCACGT-3Ј (31) . siRNAs were purchased from Origene. siRNA and shRNA were transfected into HeLa cells using Lipofectamine 2000, following the manufacturer's instructions.
Immunoprecipitation and immunoblotting
HeLa cells or A20 cells were lysed in lysis buffer ( 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mg/ml BSA, 50 mM phenylmethylsulfonyl fluoride, 0.1 mM N ␣ -tosyl-Llysine chloromethyl ketone hydrochloride, and 25 mM N-ethylmaleimide) for 1 h at 4°C and analyzed by immunoprecipitation. Briefly, cell lysates were precleared by binding to mouse IgG-agarose beads (Sigma), and precleared lysates were then incubated with anti-V5-agarose beads (Sigma) at 4°C. After washing, proteins were eluted by adding SDS-PAGE loading buffer and analyzed by SDS-PAGE and immunoblotting.
In reimmunoprecipitation experiments, immunoprecipitated V5-tagged March-I was removed from anti-V5-agarose beads by boiling in 100 l of Tris/NaCl/1% SDS for 3 min. 900 l of 10 mm Tris-HCl (pH 7.4), 150 mm NaCl/1% Triton X-100 was added to quench the SDS. The sample was cooled to 4°C and subjected to a second round of immunoprecipitation using control IgG-or V5-agarose beads. Immunoblots were quanti- 
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tated and analyzed using a GS-900 calibrated densitometer and the software Image Lab (Bio-Rad) following the manufacturer's instructions.
Flow cytometry
For surface staining of MHC-II, 18 h after transfection, HeLa-CIITA cells were harvested and suspended in FACS buffer (PBS containing 2% fetal bovine serum). Mouse anti-HLA-DR mAb L243-APC (Biolegend) was used for surface staining of MHC-II on ice for 30 min. After washing with FACS buffer three times, cells were analyzed on a BD FACSCalibur flow cytometer (BD Biosciences). For intracellular staining of V5-tagged March-I or FLAG-tagged March-I, HeLa cells were harvested and fixed/permeabilized in BD Cytofix/Cytoperm solution on ice for 30 min. After washing with FACS buffer, Alexa Fluor 647-conjugated mouse anti-V5 mAb (Invitrogen) or phosphatidylethanolamine-conjugated mouse anti-FLAG mAb (Biolegend) was added to detect intracellular epitopetagged March-I. In all experiments examining expression in siRNA/shRNA-treated cells, co-expressed zsGreen1 was used to specifically identify transfected cells. Identical zsGreen1 expression levels between different samples were identified by gating, and MHC-II or V5-March-I expression on zsGreengated cells was included in the FACS analyses.
Statistical analysis
A two-tailed Student's t test was used to compare the extent of ubiquitination in different samples (the ubiquitination level was calculated as ubiquitin blot intensity/V5 blot intensity) between samples. Quantitation of blot intensities was carried out by analysis of data obtained in the linear range of exposure. Statistical differences were considered to be significant only when p Ͻ 0.05. 
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